1. Introduction {#S1}
===============

The thrombospondins (TSPs) are a family of five matricellular proteins that function during a wide range of physiological and pathological processes, including development, inflammation, angiogenesis and neoplasia ([@R1]). The TSPs are transiently associated with the cell surface where they interact with a variety of membrane proteins, including proteoglycans, integrins, CD36, and CD47 ([@R1]). Through these varied interactions, TSPs regulate extracellular matrix structure and cellular phenotype during tissue development and remodeling. For example, TSP-1 increases the association of CD36 with vascular endothelial growth factor receptor-2 (VEGFR-2) while decreasing the association of CD47 with VEGFR-2 in endothelial cells ([@R14]; [@R15]). As a result, TSP-1 orchestrates fundamental changes in the way that endothelial cells respond to VEGF ([@R14]; [@R15]; [@R9]).

Each subunit of the TSP-1 trimer consists of multiple domains: amino- and carboxyl-terminal globular domains, a region of sequence homology to procollagen (PHR), and three types of repeated sequence motifs, designated type 1, type 2, and type 3 repeats ([@R17]). Since the type 1 repeats were first identified in TSP-1 as a distinct structural motif, they have been designated thrombospondin repeats or TSRs ([@R17]; [@R44]). The five members of the thrombospondin gene family can be divided into two subgroups, based on their structures ([@R4]; [@R30]; [@R45]; [@R20],[@R21]; [@R10]; [@R29]). TSP-1 and -2 (subgroup A) have the complete set of structural domains described above and are trimeric. By contrast, the subgroup B TSPs, TSP-3, and -4, and cartilage oligomeric matrix protein (COMP), lack both the TSRs and the PHR but contain an additional type 2 repeat ([@R30]; [@R45]; [@R21]). The subgroup B proteins are also different from the subgroup A members in that they form pentamers instead of trimers ([@R45]; [@R10]). The type 2 repeats, the type 3 repeats and the carboxyl-terminal domains have the highest level of conservation amongst the TSPs and are collectively known as the signature domain. The structure of all or part of the signature domains of TSP-1 and -2, and COMP have been determined by X-ray crystallography revealing that the C-terminal domain forms a β-sandwich and that the type 3 repeats and portions of the type 2 repeats are closely associated with the surfaces of the β-sandwich ([@R16]; [@R5]; [@R40]). Binding sites for about 30 calcium ions are included in this structure. These sites are primarily located in the type 3 repeats which fold to form a contiguous series of calcium-binding sites, but calcium-binding sites are also present in the type 2 repeats and the C-terminal β-sandwich. The ability of the signature domain of the TSPs to bind numerous calcium ions suggests that the TSPs may play a role in calcium homeostasis. We hypothesize that the direct interaction of the signature domain with calcium channel(s) or other calcium-binding proteins might facilitate such functionality.

In this study, we reveal the association of TSP-1, TSP-4 and COMP with stromal interaction molecule 1 (STIM1). STIM1 is a transmembrane protein that functions in the endoplasmic reticulum (ER) to detect calcium depletion ([@R34]; [@R36]; [@R37]). A calcium-binding site in the N-terminal domain of STIM1 detects that the level of calcium in the ER is low and orchestrates the opening of store-operated calcium release activated calcium (CRAC) channels so that ER calcium can be replenished ([@R34]; [@R37]). Whereas most of the STIM1 is located in the ER, lower levels (\~15--25%) are present on the plasma membrane where STIM1 functions to promote the opening of arachidonate-regulated calcium (ARC) channels, which are independent of store depletion ([@R34]; [@R36]; [@R37]). Here, we establish that over-expression of COMP promotes ARC channel currents while concurrently decreasing CRAC channel currents.

2. Materials and methods {#S2}
========================

2.1. Antibodies {#S3}
---------------

The mouse monoclonal anti-STIM1 antibody clone 44 was obtained from BD Biosciences (Lexington, KY) and 5A2 was purchased from Novus Biologicals (Littleton, CO). The rabbit polyclonal anti-COMP was purchased from Kamiya Biomedical Company (Seattle WA). Preparation of the rabbit polyclonal anti-TSP-1 antibody R1 was described previously ([@R35]), as were the mouse anti-TSP-1 monoclonal antibodies MA-I and MA-IV ([@R19]). Preparation of the rabbit polyclonal anti-TSP-1 antibody R3 was described previously ([@R12]). Rabbit polyclonal antibodies to peptides within the sequences of TSP-4 ([@R22]) and COMP ([@R11]) were also prepared by the Lawler lab and designated 1259 and F8, respectively.

2.2. Cell culture and platelet preparation {#S4}
------------------------------------------

HEK 293 cells were grown in Dulbecco's Modification of Eagle's Medium plus 10% fetal bovine serum and stably transfected with COMP pcDNA3.1(+) (Invitrogen) following protocols supplied with the transfection reagent Fugene (Roche). Individual clones were isolated and analyzed for expression levels by SDS-PAGE and western blotting. Culture conditions for transient transfects with Flp-In^™^-HEK 293 cells (Invitrogen) were as previously described ([@R43]). Where indicated, cells were transfected using an Amaxa Nucleofector II following the manufacturer's guidelines using 0.5 μg COMP pcDNA3.1 either with or without 0.5 μg Orai1 M070 as appropriate, along with 0.2 μg EGFP to identify transfected cells. Whole-cell currents were recorded 40--48 h after transfection, and 18--24 h after plating the cells on poly-[l]{.smallcaps}-lysine-coated coverslips.

Jurkat cells were cultured in RPMI-1640 plus 10% fetal bovine serum. MDA-MB-231 cells were maintained in DMEM/F12 medium plus 10% fetal bovine serum. Human dermal microvascular endothelial cells were cultured in Vitrogen-coated dishes and maintained in EBM-2 media (Clonetics Corp., San Diego, CA) containing 20% fetal bovine serum (FBS), 1 μg/ml hydrocortisone acetate, 5 × 10^5^ dibutyryl-cAMP, 200 units/ml penicillin, 100 units/ml streptomycin and 250 μg/ml amphotericin. All cell types were incubated at 37 °C with 5% CO~2~. Human chondrocytes were kindly provided by Drs. K. Posey and J. Hecht (University of Texas). Platelet rich plasma (Brigham & Women's Hospital) was centrifuged at 2500 rpm for 20 min and the collected platelets were washed twice in 10 volumes of pH 6.5 buffer that contained 0.102 M NaCl, 3.9 mM K~2~HPO~4,~ 3.9 mM Na~2~HPO~4~, 22 mM NaH~2~PO~4~, and 5 mM glucose prior to lyses.

2.3. Immunoprecipitation and western blotting {#S5}
---------------------------------------------

Adherent HEK 293, endothelial cells and MDA-MB-231 cells were briefly washed with PBS and incubated in 0.25% trypsin to detach the cells. Jurkat cells and platelets were collected by centrifugation and washed with PBS. The cells were treated with lysis buffer at pH 7.4 containing 20 mM HEPES, 150 mM NaCl, 5 mM EDTA, 1% Brij 99 or Triton X-100, and protease inhibitors (HALTS, Pierce). After 30 min at 4 °C, insoluble material was removed by centrifugation at 16,000 ×*g* (15 min, 4 °C) and was either used immediately for immunoprecipitation experiments or stored at −80 °C. To preclear the samples, 1 ml of cell lysate (400--1000 μg of protein), 5 μg of non-immune IgG and 20 μl (pellet volume) of Protein A or G Sepharose beads (Pharmacia Biotech) were mixed in a microcentrifuge tube for 1 h at 4 °C. After removal of the Sepharose beads by centrifugation, 5 μg of antibody (R1, MA-IV, or STIM1) and 20 μl (pellet volume) of Protein A or G beads were added and the samples were incubated for 2--3 h at 4 °C with gentle rocking. The beads were washed 4 times with lysis buffer, and the precipitated immunocomplexes were eluted in 40 μl of 2× SDS-PAGE loading buffer, boiling for 4 min. The eluted samples were separated by SDS-PAGE either in the presence or in the absence of 1% dithiothreitol and western blotting was performed. In some experiments, 30--40 μl of cell lysate was also blotted.

To determine if TSP-1 associates with STIM1 in the plasma membrane, MDA-MB-231 cells were incubated with the anti-TSP-1 polyclonal antibody R1 (\~2 μg/ml) for 1 h at 4 °C. This step allowed anti-TSP-1 antibody to bind only to TSP-1 that is expressed at the plasma membrane. The cells were washed in cold PBS three times and then disrupted in Triton X-100 lysis buffer. The cell lysates were spun down at 14,000 rpm for 15 min and were then incubated with Protein A Sepharose beads for 2--3 h on a rocking platform at 4 °C. Beads were washed 3× using lysis buffer and boiled with SDS sample buffer and the eluted proteins were resolved on a reducing SDS-PAGE. The samples were western blotted for TSP-1 and STIM1.

2.4. Mass spectroscopy analysis {#S6}
-------------------------------

Human platelets (5 × 10^9^ cells/10 ml) were washed with cold PBS and lysed in buffer containing 20 mM HEPES pH 7.40, 150 mM NaCl, 5 mM EDTA, 1% Brij 99, and protease inhibitors (HALTS, Pierce). After 30 min at 4 °C, insoluble material was removed by centrifugation at 16,000 ×*g* (15 min, 4 °C). The platelet lysates were pre-cleared by adding 20 μg of non-immune mouse IgG (Sigma) and 200 μl of Protein G-Sepharose (Amersham Pharmacia Biotech) and rocking gently at 4 °C for 60 min. Immunoprecipitation was performed by combining 20 μg of the anti-TSP-1 mouse monoclonal MA-IV and 200 μl of Protein G-Sepharose. The samples were incubated for 16 h at 4 °C with gentle rocking. Immune complexes were collected by centrifugation, washed four times in lysis buffer, and separated by SDS-PAGE in the presence of a reducing agent. Coomassie Blue stained bands were subjected to in-gel reduction, carboxyamidomethylation and tryptic digestion (Promega). Multiple peptide sequences were determined in a single run by microcapillary reverse-phase chromatography which was directly coupled to a Finnigan LCQ quadrupole ion trap mass spectrometer equipped with a custom nano-electrospray source. The Harvard Microchemistry Facility completed this analysis on a fee-for-service basis ([@R26]).

2.5. Preparation of recombinant N-terminal domain of STIM1 {#S7}
----------------------------------------------------------

A recombinant version of the N-terminal domain of STIM1 (amino acids 1--184 of human STIM1) was prepared by PCR using a template of RNA isolated from MDA-MB-231 breast cancer cells. STIM1 was prepared using the forward primer 873hSTIM1f (GAT GAT CCC GGG CTC AGC CAT AGT CAC AGT GAG AAG) and the reverse primer 874hSTIM1r (GAT ACC GGT AGT CAA GAG AGG AGG CCC AAA GAG). The PCR product was then sequenced and cloned between the *Xma*I and the *Age*I sites of the vector pMT/BiP V5-HisA (Invitrogen, Carlsbad, CA). The recombinant protein included the vector-derived sequence RSPWPG at the N-terminal and the sequence TGHHHHHH at the C-terminal. Vector transfection, cell selection, and protein expression and purification were performed as described previously ([@R25]).

Calcium-dependent conformational changes in the recombinant N-terminal domain of STIM1 were detected using limited tryptic or chymotryptic digestion at an enzyme-to-substrate ratio of 1:500 (w/w). The calcium concentration was adjusted by the addition of varying concentrations of EGTA and digestion was performed at 0 °C for 20 h. Digestion was stopped by adding SDS sample buffer and boiling, prior to SDS-PAGE. Proteolytic fragments were visualized by staining with Coomassie Blue.

2.6. Solid-phase binding assay {#S8}
------------------------------

The solid-phase binding assay was performed in FluoroNunc Maxisorb 96 well plates (Nunc). The wells were incubated overnight at 4 °C with 200 μl of various proteins at 50 μg/ml dissolved in coating buffer (pH 9.6) containing 15 mM Na~2~CO~3~, 35 mM NaCO~3~ and 0.02% NaN~3~. The wells were washed three times with 300 μl of assay buffer (pH 7.6), containing 10 mM Tris, 0.14 M NaCl, 0.5 mM CaCl~2~, 0.02% NaN~3~ and 0.05% Tween20. The recombinant N-terminal domain of STIM1 was fluorescently labeled, using the EZ-Label Fluorescein Protein Labeling Kit from Pierce. One hundred microliters of varying concentrations of labeled protein were incubated overnight in the wells at 4 °C. The wells were washed twice with assay buffer and a plate reader was used to read the fluorescence. Known amounts of labeled STIM1 were included in each assay to construct a standard curve. Wells were coated with BSA as a negative control.

2.7. Measurement of cellular calcium {#S9}
------------------------------------

For intracellular calcium measurements, HEK 293 cells were suspended at a density of 5 × 10^6^ cells/ml and loaded with 2 μM acetoxymethyl (AM) ester of Fura-2 (Molecular Probes, Eugene, Oregon) for 45 min at 37 °C in Ringer's buffer containing 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl~2~, 1 mM MgCl~2~, 5.6 mM glucose, 10 mM HEPES (pH 7.4), and 0.1% BSA. After loading, the cells were washed multiple times in the loading buffer to remove free Fura-2. The cells were then suspended in calcium free Ringer's buffer plus 0.1 mM EGTA. The fluorescence was measured using a Photon Technology International Deltascan 4000 spectrofluorimeter. Baseline Fura-2AM fluorescence was monitored by alternately exciting the dye at 340 and 380 nm, and collecting the emission at wavelength 510 nm for 1 min. Store depletion was induced by the addition of thapsigargin at a concentration of 2 μM and measurements made for 5 min. Following store depletion extracellular calcium was replenished with the addition of 1.8 mM calcium chloride to the cell suspension and data collected for an additional 5 min. Changes in intracellular calcium are expressed as the ratio of Fura-2AM fluorescence due to excitation at 340 nm and 380 nm.

To concurrently measure cellular calcium at multiple concentrations of exogenous calcium, HEK 293 cells were removed from T175 flasks with trypsin and centrifuged at 500 ×*g* for 7 min. Cells were then resus-pended in 4 ml Fluo-4NW and 2.5 mM Probenecid (Invitrogen, Grand Island, NY) following the manufacturer's protocol. The Flou-4NW re-agent was then removed by centrifugation at 500 ×*g* for 7 min, rinsing the cells once in Ca^2+^-free HBSS (Ca^2+^ free HBSS Invitrogen \#14170112 supplemented with 1 mM MgCl~2~, 5.5 mM glucose, 2.5 mM Probenecid) and then resuspending in the same buffer. Each group of cells (HEK 293 and HEK 293 expressing COMP) was then aliquoted using a multichannel pipettor at densities of 15--35 K per well on 384 well, clear flat bottom, poly-[l]{.smallcaps}-lysine coated microplates (Greiner Bio-One). Thapsigargin (2 μM, Sigma-Aldrich, St. Louis, MO.) or an equal volume of Ca^2+^-free HBSS was then added to each well, incubated for 10 min at room temperature and then placed in a Flipr plate reader (Molecular Devices). Ca^2+^ dose--response data was generated by adding external Ca^2+^ to each well to final concentrations of 20 μM to 5 mM. The wells with no Ca^2+^ added were considered baseline. Each Ca^2+^ dose was replicated in 4 wells. External Ca^2+^ was added by the Flipr. The arbitrary fluorescent units were normalized to baseline and reported as F/Fo where F = fluorescence and Fo = mean fluorescence for the first 5 time points. F/Fo versus time curves were generated and the store-operated Ca^2+^ (SOC) response estimated by calculating the area under the curve.

2.8. Electrophysiology {#S10}
----------------------

CRAC channel currents induced by depletion of ER Ca^2+^ stores and ARC channel currents induced by bath addition of arachidonic acid (8 μM) were measured by patch-clamp as previously described ([@R42]). Briefly, whole-cell current recordings were performed on cells at room temperature (20--22 °C), using 250 ms voltage pulses to −80 mV delivered every 2 s from a holding potential of 0 mV. To obtain current--voltage relationships, 10 ms pulses to potentials between −100 mV and +80 mV were applied at 20 mV intervals. The standard internal (pipette) solution contained 140 mM CsC~2~H~3~O~2~, 3.5 mM CaCl~2~, 3.72 mM MgCl~2~, 10 mM EGTA, and 10 mM HEPES (pH 7.2). The calculated free Ca^2+^ concentration of this solution was 100 nM. The standard extracellular solution contained 140 mM NaCl, 5 mM CsCl, 1.2 mM MgCl~2~, 10 mM CaCl~2~, 10 mM glucose, and 10 mM HEPES (pH 7.4). For arachidonic acid-activated ARC channel current measurements, the initial currents obtained before activation of the channel were used for leak subtraction. For store-operated CRAC channel measurements, the pipette solution was changed to a Ca^2+^-free solution containing the potent InsP~3~ receptor agonist adenophostin A (2 μM), and leak-subtraction of the measured currents was obtained at the end of each experiment by application of an external solution containing La^3+^ (100 μM).

2.9. Statistical analysis {#S11}
-------------------------

Statistics were carried out using an unpaired or paired Student's t-test available in the GraphPad software. A p value \<0.05 was considered significant. Data are expressed as mean ± standard deviation.

3. Results {#S12}
==========

3.1. STIM1 associates with TSP-1 {#S13}
--------------------------------

We used a proteomic approach to identify proteins that associate with the signature domain of TSP-1 in human blood platelets. TSP-1 was immunoprecipitated from Brij 99 solubilized human blood platelets using a monoclonal antibody to the N-terminal domain, designated MA-IV. We postulated that an antibody to this domain would be least likely to displace proteins that are bound to the signature domain because the two domains are at opposite ends of the molecule. The immunoprecipitates were electrophoresed and various molecular weight ranges were excised and analyzed by mass spectroscopy. The greatest number of peptides identified include those from fibrinogen (18 peptides), the integrin αIIbβ3 (6 peptides), coagulation factor XIII (6 peptides) and GRP78/BiP (4 peptides), and all are known to associate with TSP-1, validating our experimental approach ([@R3]; [@R33]; [@R32]). Notably, several novel binding partners, such as STIM1 (6 peptides), were identified. We next performed immunoblotting of TSP-1 immunoprecipitates for STIM1 to confirm the mass spectrometry data. Platelets were solubilized in TBS containing either 1% Brij 99 or Triton X-100 and immunoprecipitations were preformed with the anti-TSP-1 monoclonal antibody MA-IV or the anti-TSP-1 polyclonal antibody R1. Immunoblotting of these immunoprecipitates with a monoclonal anti-STIM1 antibody (clone 44) identified an 84,000-dalton band that corresponds to the molecular weight of intact STIM1 (results with R1 are shown in [Fig. 1A](#F1){ref-type="fig"}, lane 2). No STIM1 was detected when the immunoprecipitations were performed with isotype matched IgG (for MA-IV) or pre-immune serum ([Fig. 1A](#F1){ref-type="fig"}, lanes 1, 3 and 5). In addition, an extremely weak band with a molecular weight of 68,000 Da was variably detected in these immunoprecipitates ([Fig. 1A](#F1){ref-type="fig"}, lane 2). We also performed the immunoprecipitation with an anti-STIM1 antibody, designated 5A2, followed by western blotting with a rabbit polyclonal antiserum that was raised against a fusion protein containing the type 1 repeats of TSP-1 designated R3. These experiments specifically identified the 180,000-dalton subunit of TSP-1 in the STIM1 immunoprecipitates ([Fig. 1B](#F1){ref-type="fig"}). Taken together, these data demonstrate a specific interaction between STIM1 and TSPs, and are consistent with a recent report by [@R2] in which TSP-1 was detected in STIM1 immunoprecipitations from human platelets.

Depletion of calcium from STIM1 results in the aggregation of STIM1 molecules to form protein aggregates or puncta in the ER membrane ([@R34]; [@R37]). Since the immunoprecipitations that were performed in this study were done in the presence of EDTA, we were concerned that the association of STIM1 with TSP-1 might reflect non-specific trapping of TSP-1 in STIM1 protein aggregates. To address this concern, we performed immunoprecipitation on extracts in which the EDTA was replaced with 500 μM CaCl~2~. After solubilization of the platelets in the presence of calcium and immunoprecipitation with R1, the anti-STIM1 antibody clone 44 detected only a weak band at 68,000 Da ([Fig. 1A](#F1){ref-type="fig"}, lane 4). The presence of a fragment of STIM1 in these immunoprecipitates raised the possibility that STIM1 was rapidly degraded after the platelets were solubilized in the presence of calcium. Since platelets contain calcium-dependent proteases, designated calpains, the calpain inhibitor ALLN (20 μM) was included in the calcium-containing solubilization buffer to inhibit the potential degradation of the immunoprecipitated proteins. In the presence of ALLN, an 84,000-dalton band that co-migrates with intact STIM1 was brought down by immunoprecipitating TSP-1 with R1 in the presence of calcium ([Fig. 1A](#F1){ref-type="fig"}, lane 6). These studies indicated that TSP-1 interacts with STIM1 in the presence and absence of calcium, and that STIM1 was a substrate for calpain following solubilization.

To determine if STIM1 associates with TSP-1 in other cells, we immunoprecipitated TSP-1 from Jurkat cells, endothelial cells and various tumor cells. An 84,000-dalton STIM1 band was detected in the R1 immunoprecipitates from all of the cell types examined ([Fig. 1C, E and F](#F1){ref-type="fig"}). We also found that STIM2 immunoprecipitates with TSP-1 from Jurkat cell lysates ([Fig. 1D](#F1){ref-type="fig"}). Two bands were observed in the immunoprecipitates from endothelial cells ([Fig. 1E](#F1){ref-type="fig"}, lane 2). Given that only the 84,000-dalton band was visualized in the whole cell lysates, it appears that STIM1 was proteolytically cleaved after solubilization of these cells ([Fig. 1E](#F1){ref-type="fig"}, lane 3).

STIM1 has been reported to be a transmembrane protein in the ER and in the plasma membrane ([@R34]; [@R36]; [@R37]). To determine which pool of STIM1 binds TSP-1, we incubated intact MDA-MB-231 cells with the anti-TSP-1 antibody prior to solubilization to investigate if the interaction of TSP-1 with STIM1 occurred in the plasma membrane. Following incubation with R1, the cells were washed three times in PBS and then solubilized in 1% Triton X-100 lysis buffer. No STIM1 was detected in the R1 immunoprecipitation in these experiments, which suggested that TSP-1 and STIM1 do not remain associated on the plasma membrane in MDA-MB-231 ([Fig. 1F](#F1){ref-type="fig"}, lanes 3, 4 and 5). To confirm that TSP-1 was immunoprecipitated, the blot was reprobed with an antibody to TSP-1 ([Fig. 1F](#F1){ref-type="fig"}, lanes 6, 7 and 8).

3.2. STIM1 associates with TSP-4 and COMP {#S14}
-----------------------------------------

Since the signature domain of the TSPs is highly conserved in all members of the TSP gene family, we probed other members of the TSP family for their ability to associate with STIM1. We were particularly interested in members of the subgroup B TSPs, which display the greatest differences to TSP-1. HEK 293 cells were transfected with either full-length expression vectors for TSP-4 or COMP ([@R22]; [@R7]). The cells were lysed with Triton X-100 and immunoprecipitation of TSP-4 or COMP was performed followed by western blotting using an anti-STIM1 antibody. Subpanels A and B of [Fig. 2](#F2){ref-type="fig"} demonstrate that the 84,000-dalton STIM1 band co-immunoprecipitates with both TSP-4 and COMP, respectively. Moreover, STIM1 is detected in the anti-COMP immunoprecipitates from cultured human chondrocytes ([Fig. 2B](#F2){ref-type="fig"}).

3.3. The N-terminal domain of STIM1 binds to the signature domain of the TSPs {#S15}
-----------------------------------------------------------------------------

The first 184 amino acids of STIM1 comprise the portion of the protein that is exposed in the lumen of the ER or the external side of the plasma membrane ([@R38], [@R39]; [@R13]; [@R37]). This domain contains the calcium binding site and the SAM motif ([@R38], [@R39]; [@R13]; [@R37]). The transmembrane and cytoplasmic domains extend to the C-terminal of the protein. Since the TSPs and STIM1 were most likely to interact in the lumen of the ER or outside of the cell, we asked if a recombinant version of the N-terminal of STIM1 might also bind to TSPs. Expression of the N-terminal domain in S2 cells yielded a 22,000-dalton protein that binds the anti-STIM1 antibody clone 44. We used limited chymotryptic digestion to show that the N-terminal domain binds to calcium. The 22,000-dalton STIM1 band was almost completely digested by chymotrypsin (1:500 w/w) in the absence of calcium ([Fig. 3](#F3){ref-type="fig"}). Increasing the amount of calcium in the digest progressively protected STIM1 from degradation so the level of the 22,000-dalton band increased as the calcium concentration increased. The midpoint of this transition (0.5 mM) represented an estimate of the association constant of calcium for STIM1. The value of 0.5 mM total calcium agreed with the value of 0.2 to 0.6 mM reported previously ([@R38]). Taken together, the data indicated that the recombinant N-terminal domain of STIM1 faithfully recapitulated the function of the wild-type protein.

Having established the co-association between the TSPs and STIM1, we next undertook experiments to determine if this association is due to direct binding. A solid-phase binding assay demonstrated the direct interaction of the N-terminal domain of STIM1 with TSPs ([Fig. 4](#F4){ref-type="fig"}). The wells of the plate were coated with TSP-1 or COMP, and BSA was used as a negative control. The addition of increasing amounts of labeled N-terminal domain of STIM1 resulted in increased binding to the TSPs with little or no binding to BSA observed ([Fig. 4A and B](#F4){ref-type="fig"}). The binding of fluorescently labeled N-terminal domain of STIM1 to TSP-1 or COMP was inhibited by the non-labeled N-terminal of the STIM1 domain, indicating that the observed binding was not an artifact of the labeling procedure. Binding of the N-terminal domain of STIM1 to the TSPs was also observed when the assay was performed in the presence of EDTA ([Fig. 4C and D](#F4){ref-type="fig"}). This result was consistent with the earlier experiments in which STIM1 and TSP-1 co-immunoprecipitate in the presence or absence of calcium. Moreover, the N-terminal domain of STIM1 also bound to recombinant versions of the signature domains of TSP-1 (E3T3C1) and COMP (E4T3C5) in a saturable manner ([Fig. 4C and D](#F4){ref-type="fig"}). These data demonstrate that STIM1 co-association with TSPs is the result of direct binding.

3.4. COMP over-expression affects STIM1 function {#S16}
------------------------------------------------

To determine whether or not TSPs affect STIM1 function, we over-expressed COMP in HEK 293 cells, which express endogenous STIM1, but not endogenous TSPs. We chose COMP for these studies because it lacks the N-terminal domain and the type 1 repeats that are found in other TSPs and have been shown to mediate numerous cellular functions ([@R1]). Interestingly, stable over-expression of COMP in HEK 293 cells resulted in a variable (25 ± 15%, n = 8, p = 0.0038) increase in total STIM1 expression ([Fig. 2D](#F2){ref-type="fig"}).

STIM1 is known to play a key role in both the store-dependent and the store-independent entry of Ca^2+^ into cells as mediated by the CRAC (Ca^2+^-release activated Ca^2+^) channels and ARC (arachidonate-regulated Ca^2+^) channels, respectively, both of which are encoded by the Orai family of proteins. Critically, while the activity of the CRAC channels is specifically regulated by the major pool of cellular STIM1 that lies within the ER membrane, it is the minor pool of STIM1 resident in the plasma membrane that is responsible for regulating the activation of the ARC channels. Thapsigargin blocks SERCA pump function, depletes ER calcium, and causes STIM1 to form puncta below the plasma membrane where it enables the activation of the CRAC channels. Addition of thapsigargin to HEK 293 cells in the absence of extracellular calcium results in increased cytoplasmic calcium as measured by Fura-2 fluorescence ([Fig. 5A](#F5){ref-type="fig"}), reflecting the release of calcium from ER stores. Subsequent addition of calcium-containing buffers to the cell suspension results in rapid influx of calcium ([Fig. 5A](#F5){ref-type="fig"}). Over-expression of COMP increases the amount of calcium influx induced by thapsigargin as measured by the difference between the treated and untreated samples ([Fig. 5A](#F5){ref-type="fig"}). This significant (p = 0.0012) increase in calcium influx in response to thapsigargin was observed over a broad range of calcium concentrations ([Fig. 5B](#F5){ref-type="fig"}).

The modest increase in cytoplasmic calcium that we detected in COMP expressing cells with Fura-2 and Fluo-4 may be due to a broad spectrum of cellular responses, including changes in calcium channel activity, changes in plasma membrane calcium pump activity, and changes in calcium buffering within the ER or mitochondria. To determine if COMP affects calcium channel activity, we directly measured CRAC and ARC channel currents. Expression of COMP in the Flp-In-HEK 293 cells resulted in the reduction of endogenous store-operated CRAC channel currents to virtually negligible values (from 0.33 ± 0.01 pA/pF at −80 mV, to 0.07 ± 0.01 pA/pF, n = 5) ([Fig. 6](#F6){ref-type="fig"}). In contrast, currents through the arachidonic acid-stimulated ARC channels in the same COMP-expressing cells were increased by almost 70% from 0.40 ± 0.04 pA/pF at −80 mV (n = 6), to a value of 0.68 ± 0.03 pA/pF (n = 5). To explore this effect further, we repeated these experiments in cells engineered to have a 2- to 3-fold increase in Orai1 --- a protein that is an essential component of both CRAC and ARC channels ([@R28]). As before, expression of COMP in these Orai1-expressing cells reduced the magnitude of CRAC channel currents following store depletion, from a value of 0.34 ± 0.03 pA/pF at −80 mV (n = 6), to only 0.17 ± 0.08 pA/pF (n = 6) ([Fig. 7](#F7){ref-type="fig"}). However, in the same Orai1-expressing cells, expression of COMP markedly increased ARC channel currents from a value of 0.37 ± 0.03 pA/pF at −80 mV (n = 6), to 0.91 ± 0.13 pA/pF at −80 mV (n = 5) --- an approximate 2.5-fold increase ([Fig. 7](#F7){ref-type="fig"}). The over-expression of Orai1 did not affect the level of STIM1 protein ([Fig. 2E](#F2){ref-type="fig"}). We could not quantify the levels of Orai1 and 3 proteins because we were unable to identify highly sensitive antibodies that can be used to western blot these proteins. Together, these data indicate that the expression of COMP in these cells results in a specific, and significant, increase in the magnitude of the inward Ca^2+^-selective currents via the ARC channels, while profoundly inhibiting those through the corresponding CRAC channel currents.

4. Discussion {#S17}
=============

In these studies, we have identified a novel interaction of the members of the TSP gene family with STIM1. This association is robust since it is preserved in Triton X-100, can be detected with multiple anti-TSP-1 and anti-STIM1 antibodies, and is detected in a wide range of cell types. This interaction could occur in the ER under conditions of normal or low calcium concentration. Furthermore, we observed that the expression of COMP in HEK 293 cells affects STIM1-mediated CRAC and ARC channel function. CRAC channel current is regulated by clustering of STIM1 in the ER membrane in locations that are juxtaposed with Orai1 in the plasma membrane ([@R34]; [@R36]; [@R37]). We have observed that over-expression of COMP results in a decrease in CRAC channel current. By contrast, over-expression of COMP results in an increase in ARC channel current, which is mediated by an association of STIM1 with Orai1 and 3 in the plane of the plasma membrane. These observations are consistent with data showing that these two routes of calcium entry into the cell are reciprocally regulated ([@R27]). Given the demonstrated interaction between COMP and STIM1, the most logical explanation for these effects on the discrete Orai channel mediated Ca^2+^ entries would seem to be that expression of COMP induces a redistribution of at least a component of total cellular STIM1, from the majority ER-resident pool to the pool constitutively residing in the plasma membrane. Critically, because the latter represents only a minor pool (\~15--25%) of total cellular STIM1, the redistribution of only a relatively minor component of the ER pool to the plasma membrane would be required to induce a significant increase in the activity of the ARC channels. In addition, the increase in ARC channel current (2.5-fold in Orai1 over-expressing cells) is considerably greater than the increase in total STIM1 (25 ± 15%) that we observed in COMP-expressing HEK 293 cells. These data suggest that COMP and perhaps other TSPs promote ARC channel currents, and hence cellular responsiveness to arachidonic acid-mediated signal transduction, by stimulating the transport of STIM1 from the ER to the plasma membrane. The reciprocal regulation of CRAC and ARC channels may serve to protect the cell from excessive calcium entry ([@R41]).

We have also observed that expression of COMP decreases CRAC channel current suggesting that COMP inhibits the ability of STIM1 to open these channels. It is possible that the binding of STIM1 to COMP in the ER suppresses its ability to form puncta and open CRAC channels. The binding of STIM1 to COMP in the ER membrane could inhibit puncta formation by buffering the calcium-binding site in STIM1 or by decreasing the mobility of STIM1 in the ER membrane. The signature domains of the TSPs bind approximately 30 calcium ions through a cooperative mechanism with an average dissociation constant that is comparable to that of the calcium-binding site of STIM1 ([@R18]; [@R6], [@R7]; [@R38]). It is possible that the association of TSPs with STIM1 provides a source of calcium ions that can maintain STIM in the calcium bound conformation and inhibit puncta formation at reduced calcium concentrations.

STIM1 in the plasma membrane was initially reported to function as a cell adhesion molecule that binds B lineage lymphocyte precursors in bone marrow ([@R31]). TSP-1 has been reported to be expressed in the bone marrow and to support adhesion of hematopoietic progenitor cells ([@R23]). It has recently been proposed that STIM1 functions as a receptor for TSP-1 during collagen-induced platelet aggregation ([@R2]). Taken together, the data raise the possibility that STIM1 may join a long list of membrane proteins, including integrins, proteoglycans, CD36 and CD47, that are receptors for TSPs.

The data presented here imply that the TSPs affect cellular calcium signaling through an interaction with STIM1 in the ER and plasma membrane. This interaction may mediate cellular responses to a wide range of physiological and pathological stimuli that utilize calcium and/or arachidonic acid as second messengers. It is interesting to note that TSP-1, STIM1 and Orai1 have been reported to promote tumor cell migration, invasion and metastasis ([@R46]; [@R47]; [@R8]). Thrombospondins have also been shown to activate the unfolded protein response in the ER through binding another ER transmembrane protein, ATF6α ([@R24]). The unfolded protein response may lead to expansion of the ER and the increased STIM1 expression that we observed. Whereas the vast majority of studies have sought functions for the TSPs at the plasma membrane and in the extracellular matrix, it is now clear that they also have important function within the ER prior to secretion.

This manuscript is dedicated to the memory of Paul Bornstein who highlighted the importance and dynamic nature of the interface between the cell and its extracellular environment. The authors wish to thank Evey Fernadez and Sami Lawler for help in preparing the manuscript and Neal Smith for expert technical assistance. Human chondrocytes were provided by Drs. Karen Posey and Jacqui Hecht and MDA-MB-231 cells were provided by Dr. Shideh Kazerounian. This work was supported by grants HL68003 from the National Heart, Lung, and Blood Institute (JL) and GM040457 from the National Institute of General Medical Sciences (TS) of the National Institutes of Health.
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:   vascular endothelial growth factor

VEGFR-2
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:   store operated calcium
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![STIM1 associates with TSP-1. A. Triton X-100 extracts of human blood platelets were immunoprecipitated with the anti-TSP-1 polyclonal antibody (R1, lanes 2, 4 and 6) or pre-immune serum (lanes 1,3 and 5) in the presence of EDTA (lanes 1 and 2), calcium (lanes 3 and 4), or calcium with the calpain inhibitor ALLN (lanes 5 and 6). STIM1 was detected in the immunoprecipitates with an anti-STIM1 monoclonal antibody (clone 44). B. Triton X-100 extracts of human blood platelets were immunoprecipitated with the anti-STIM1 monoclonal (clone 5A2, lane 3) or isotype matched non-immune IgG (lane 1). The platelet lysate is shown in lane 5, and lanes 2 and 4 are empty. TSP-1 was detected in the immunoprecipitates with the anti-TSP-1 polyclonal antibody R3. C. Triton X-100 extracts of Jurkat cells were immunoprecipitated with the anti-TSP-1 polyclonal antibody (R1, lane 2) or pre-immune serum (lane 1) in the presence of EDTA and blotted for STIM1. The cell lysate is shown in lane 4, and lane 3 is empty. D. Triton X-100 extracts of Jurkat cells were immunoprecipitated with the anti-TSP-1 polyclonal antibody (R1, lane 2) or pre-immune serum (lane 1) in the presence of EDTA and blotted for STIM2. E. Triton X-100 extracts of endothelial cells (lane 3) were immunoprecipitated with the anti-TSP-1 polyclonal antibody (R1, lane 2) or pre-immune serum (lane 1) in the presence of EDTA and blotted for STIM1. F. Triton X-100 extracts of MDA-MB-231 cells were immunoprecipitated with the anti-TSP-1 polyclonal antibody (R1, lane 2) or pre-immune serum (lane 1) in the presence of EDTA and blotted for STIM1. The incubation with pre-immune serum and R1 was also done with intact MDA-MB-231 cells prior to solubilization. The cells were then washed, solubilized and immunocomplexes were brought down with Protein A Sepharose beads. The pre-immune sample (lane 3), R1 sample (lane 4) and cell lysate (lane 5) were blotted for STIM1. The pre-immune sample (lane 6), the R1 sample (lane 7) and the lysate (lane 8) were also blotted for TSP-1 to establish the presence of membrane associated TSP-1.](nihms-706132-f0001){#F1}

![STIM1 associates with TSP-4 and COMP. A. Triton X-100 solubilized 293 cells engineered to express human TSP-4 were immunoprecipitated with the anti-TSP-4 polyclonal antibody (designated 1259, lane 2) or pre-immune serum (lane 1) and blotted for STIM1. B. Triton X-100 extracts of 293 cells engineered to express human COMP (lanes 1 and 2), or primary human costochondral chondrocytes (lane 3) were immunoprecipitated with the anti-COMP polyclonal antibody (designated F8, lanes 2 and 3) or pre-immune serum (lane 1) and blotted for STIM1. The cell lysates for the primary human costrochondral chondrocytes (lane 4) are also shown. C. Lysates of 293 cells transfected with empty vector (control) or the human COMP expression vector (+COMP) were blotted for COMP and β-actin as indicated. D. Lysates of 293 cells transfected with empty vector (control) or the human COMP expression vector (+COMP) were blotted for STIM1 and β-actin as indicated. E. Lysates of 293 cells transfected with empty vector (control) or the human Orai1 expression vector (+Orai1) were blotted for STIM1 and β-actin as indicated.](nihms-706132-f0002){#F2}

![Limited chymotryptic digestion of a recombinant version of the N-terminal domain of STIM1 with varying concentrations of calcium. A purified recombinant N-terminal domain of STIM1 was dialyzed against Tris-buffered saline containing 2 mM CaCl~2~ (lane 1). EDTA was added to each sample so that the final Ca^2+^ concentrations would be between 2 mM and 0.01 mM (lanes 2 through 9, as indicated below each lane) along with chymotryptic digestion, which was carried out at an enzyme/substrate ratio of 1:500 (w/w) for 20 h at 0 °C. The digestion was halted with the addition of a reduced SDS sample buffer. The polypeptides were separated using SDS-PAGE. The relative quantity of the 22,000-dalton polypeptide was shown above the lanes with the 2 mM sample estimated at 1.0. Proteolytic fragments were visualized by staining with Coomassie Blue. The molecular mass of the markers (M) is marked on the left.](nihms-706132-f0003){#F3}

![Binding of the N-terminal domain of STIM1 to TSPs. A. Human platelet TSP-1 and BSA were adsorbed by the wells of an Immulon II plate overnight in 2 mM CaCl~2~. Fluorescently labeled, recombinant N-terminal domain of STIM1 was incubated in the wells overnight in 2 mM CaCl~2~. B. Recombinant COMP and BSA were adsorbed to the wells of an Immulon II plate overnight in 2 mM CaCl~2~. The fluorescently labeled, recombinant N-terminal domain of STIM1 was incubated in the wells overnight in 2 mM CaCl~2~. C. Human platelet TSP-1 and E3T3C1 were adsorbed by the wells of a FluoroNunc Maxisorb plate overnight in the presence of 5 mM EDTA. Fluorescently labeled, recombinant N-terminal domain of STIM1 was incubated in the wells overnight in 5 mM EDTA. D. Human recombinant COMP and E4T3C5 were adsorbed by the wells of a FluoroNunc Maxisorb plate overnight in the presence of 5 mM EDTA. The fluorescently labeled, recombinant N-terminal domain of STIM1 was incubated in the wells overnight in 5 mM EDTA. In all cases, the wells were washed, and the bound protein then was quantified using a fluorescent plate reader. Each point shown is the mean and standard deviation of four determinations.](nihms-706132-f0004){#F4}

![Expression of COMP increases calcium influx induced by thapsigargin. A. Control transfected HEK 293 cells (blue line) and COMP expressing HEK 293 cells (red line) were loaded with Fura-2 and treated with 2 μM thapsigargin. After 300 s, 1.8 mM CaCl~2~ was added to the sample and the fluorescence was monitored for an additional 300 s. B. To concurrently measure cellular calcium at multiple concentrations of exogenous calcium, control transfected HEK cells (black lines) and COMP expressing HEK 293 (green lines) were loaded with Fluo-4NW and 2.5 mM Probenecid. Thapsigargin (2 μM, black squares and green triangles) or an equal volume of Ca^2+^-free HBSS (black and green circles) was then added to each well, incubated for 10 min at room temperature and then placed in a Flipr plate reader. Ca^2+^ dose--response data was generated by adding external Ca^2+^ to each well to final concentrations of 20 μM to 5 mM. The wells with no Ca^2+^ added were considered baseline. Each Ca^2+^ dose was replicated in 4 wells. External Ca^2+^ was added by the Flipr. The arbitrary fluorescent units were normalized to baseline and reported as F/Fo where F = fluorescence and Fo = mean fluorescence for the first 5 time points. F/Fo versus time curves were generated and the store-operated Ca^2+^ (SOC) response estimated by calculating the area under the curve (AUC).](nihms-706132-f0005){#F5}

![Measurement of CRAC and ARC channel currents in the presence and absence of COMP. CRAC channel currents (top left) induced by depletion of ER Ca^2+^ stores and ARC channel currents (top right) induced by bath addition of arachidonic acid (8 μM) in control transfected (black circles) and COMP expressing HEK 293 cells (red circles) were measured by patch-clamp as previously described in Materials and methods. For arachidonic acid-activated ARC channel current measurements, the initial currents obtained before activation of the channel were used for leak subtraction. For store-operated CRAC channel measurements, the pipette solution was changed to a Ca^2+^-free solution containing the potent InsP~3~ receptor agonist adenophostin A (2 μM), and leak-subtraction of the measured currents was obtained at the end of each experiment by application of an external solution containing La^3+^ (100 μM).](nihms-706132-f0006){#F6}

![Measurement of CRAC and ARC channel currents in the presence and absence of COMP in Orai1-over-expressing cells. CRAC channel currents (top left) induced by depletion of ER Ca^2+^ stores and ARC channel currents (top right) induced by bath addition of arachidonic acid (8 μM) in control transfected (black circles) and COMP expressing HEK 293 cells (red circles) were measured by patch-clamp as previously described in Materials and methods. For arachidonic acid-activated ARC channel current measurements, the initial currents obtained before activation of the channel were used for leak subtraction. For store-operated CRAC channel measurements, the pipette solution was changed to a Ca^2+^-free solution containing the potent InsP~3~ receptor agonist adenophostin A (2 μM), and leak-subtraction of the measured currents was obtained at the end of each experiment by application of an external solution containing La^3+^ (100 μM).](nihms-706132-f0007){#F7}
